Mice with mutations in four nonreceptor tyrosine kinase genes, fyn, src, yes, and abl, were used to study the role of these kinases in long-term potentiation (L'I-P) and in the relation of LTP to spatial learning and memory. All four kinases were expressed in the hippocampus. Mutations in src, yes, and abl did not interfere with either the induction or the maintenance of LTP. However, in fyn mutants, LTP was blunted even though synaptic transmission and two short-term forms of synaptic plasticity, paired-pulse facilitation and post-tetanic potentiation, were normal. In parallel with the blunting of LTP, fyn mutants showed impaired spatial learning, consistent with a functional link between LTP and learning. Although fyn is expressed at mature synapses, its lack of expression during development resulted in an increased number of granule cells in the dentate gyrus and of pyramidal cells in the CA3 region. Thus, a common tyrosine kinase pathway may regulate the growth of neurons in the developing hippocampus and the strength of synaptic plasticity in the mature hippocampus.
The biological analysis of learning and memory requires the demonstration of a causal relation between molecular mechanisms in neurons of the brain implicated in a particular form of learning and the modification of behavior produced by the learning. In invertebrate animals with few neurons, it is possible to assign a role to the actions of specific genes and proteins in the synaptic plasticity of individual cells (or cell groupings) and to relate the plasticity to the modifications of behavior produced by learning in the whole animal (1) . This relation is more difficult to demonstrate in mammals, particularly for complex forms of learning involving the hippocampus and neocortex. However, the ability to generate specific gene mutations in mice, by homologous recombination in embryonic stem (ES) cells, makes it possible to relate the actions of known genes to the physiology of specific cells in regions thought to be necessary for learning as well as to learned behavior in the whole animal.
In humans, the hippocampus has a central role in the long-term storage of explicit memories, which result in the conscious remembrance of places, people, and objects (2) . These findings have been extended to monkeys, rats, and mice, where spatial and olfactory memories are sensitive to hippo-campal damage (2, 3) . In addition to their importance in behavioral learning, the neurons of the hippocampus undergo several enduring forms of synaptic plasticity. In particular, the strength of excitatory synaptic connections can be enhanced for prolonged periods after a short burst of highfrequency synaptic activity, a process known as long-term potentiation (LTP) (4) .
LTP in the hippocampus has been well studied in the synaptic connections formed between the Schaffer collateral and commissural axons of the pyramidal cells in the CA3 region and their target cells, the pyramidal cells of the CA1 region (5) . The excitatory transmitter at these synapses is L-glutamate, which activates both NMDA (N-methyl-D-aspartate) and non-NMDA receptors on CA1 neurons (6) . High-frequency synaptic activity induces LTP by depolarizing the postsynaptic cells sufficiently to cause activation of the NMDA receptor, which results in an increase in Ca 2÷ influx. Ca 2÷ influx into the postsynaptic cell activates a cascade of protein kinases, including both serine-threonine (7) and tyrosine kinases (8, 9) . This kinase cascade is thought to lead to the release of retrograde synaptic messengers, which seem to enhance transmitter release by acting on the terminals of the presynaptic neuron (~o).
The inhibitors of tyrosine kinases block the induction of LTP without affecting normal synaptic transmission, post-tetanic potentiation (PTP), or several physiological responses mediated by serine-threonine kinases (8) . However, the inhibitors used to investigate the role of tyrosine kinases in LTP lack the pharmacological specificity necessary to identify specific tyrosine kinases.
Tyrosine kinases fall into two structurally distinct categories: (i) membrane-spanning receptor tyrosine kinases that transduce signals from growth and neurotrophic factors and (ii) nonreceptor tyrosine kinases associated with the cytoplasmic side of the plasma membrane (I1). The nonreceptor tyrosine kinases are often associated with and activated by various transmembrane signaling molecules including the PDGF receptor (12) and the T cell receptor (13) . To facilitate identification of individual tyrosine kinases involved in LTP, we have examined mice with mutations in the src, Fig. 2 (right). Paired-pulse facilitation in hippocampal slices from fyn-(n = 4, 13 slices), yes-(n = 4, 14 slices), src-(n = 3, 13 slices), and abl-(n = 2, 9 slices) mice. Paired-pulse facilitation was examined with a 50-ms pulse interval. (A) Examples of field EPSP's from wild-type (wh and fynmice. (B) Histogram shows the ratio of the slope of the second field EPSP to the first field EPSP (mean ± SEM). Calibration bars are 1.5 mV, 22 ms.
fyn, yes, and abl genes, which encode four nonreceptor tyrosine kinases, all of which are expressed in the hippocampus ( Fig. 1 ) (14) . The mutations were engineered by homologous recombination in mouse embryonic stem cells and resulted in no detectable Src, Fyn, or Yes protein and in a truncation in the COOH-terminal region of Abl.
Src, Fyn, Yes, and Abl in the hippocampus. None of the four mouse mutants that we studied has been described as showing an obvious neurological phenotype.
Disruption of the src gene results in osteopetrosis (15) . Mutations in fyn result in a defect of signal transduction in T cells (•6, 17) . Mice with disruptions in the abl gene are runted and depleted in mature T cells and B cells (18) . Mice lacking yes expression have no demonstrable phenotype (I 9).
To examine possible neuronal phenotypes in these mutant mice and to obtain a baseline for subsequent studies of long-term synaptic plasticity and spatial learning, we studied the synaptic connections between the CA3 and the CA1 pyramidal cells. Synaptic transmission in hippocampal slices from each of the mutant mice (20) was indistinguishable from that in similar preparations from wild-type mice (21). For example, the maximum field excitatory postsynaptic potentials (EPSP's) evoked in slices from fyn-mice were identical to those from wild-type mice. Furthermore, paired-pulse facilitation, a short-term form of synaptic plasticity that results in facilitated transmitter release from the presynaptic terminals, was normal in slices from mutant mice (Fig. 2) .
Mice with mutations in the src, yes, and abl genes also had normal LTP (Fig. 3) . By contrast, in fyn mutants LTP was impaired (Fig. 4A ). To ensure that this phenotype was specific to the fyn gene and did not result from an additional, random mutation, we examined homozygous mice derived from two independent ES cell clones containing a null fyn mutation [fynl and fyn2 (•6) ] created by replacing the second exon of the fyn gene with a neo gene. The replaced second exon included the initiator ATG and the myristylation sequence necessary for attaching the fyn protein to the plasma membrane. We also analyzed the fyn mutation on the 129Sv inbred genetic background and on hybrids between 129Sv and C57BL/6J. No differences were detected in the deficiency of LTP between fynl and fyn2 mutants or between inbred mice or those with a hybrid background.
Reduction in LTP in fyn mutant mice.
LTP was impaired in the CA1 neurons of hippocampal slices from fyn-mice in both the field EPSP (Fig. 4A ) and in the population spike (22). However, this impairment was not absolute. Although there was, on average, no LTP in the field EPSP (responses 1 hour after tetanic stimulation were 90.5 ± 4.5 percent of control in slices from fyn-, n = 5, compared to 177.5 ± 2.9 percent of control in slices from wild-type mice, n = 5), there was a markedly reduced but nevertheless long-lasting potentiation in some experiments.
In our initial experiments, we adjusted the intensity of presynaptic fiber stimulation in each slice so that field EPSP amplitude elicited would be 1.0 mV (Fig. 4A) . To determine whether the apparent lack of LTP in slices from fyn-mice might reflect a change in the threshold for the induction of LTP, we used two different stimulation strengths during the high frequency tetanus. The weak intensity tetanus evoked a postsynaptic response equivalent to 25 percent of the maximal field EPSP. The strong intensity tetanus evoked responses equivalent to 75 percent of the maximal field EPSP. Whereas weak stimulation strengths during a tetanus produced robust LTP in slices from wild-type mice (149.6 ± 18.2 percent), this protocol induced little or no LTP in slices from fyn-mice (108 ± 7.6 percent) (Fig. 4B ). However; when strong intensity stimulation was used during the tetanus, a reduced form of LTP (approximately 50 percent of that observed in slices from wild-type animals) was evident (133 ± 9.3 percent in fyn-; 168.5 _+ 11.6 percent in wild-type) (Fig. 4C) . This reduced form of LTP in fyn-slices had the properties of normal LTP. It was blocked by the NMDA receptor antagonist APV (23) (Fig. 5C) , and it was unaffected by the Ca z+ channel blocker nifedipine (24) .
An even more effective way of activating the NMDA receptor and the subsequent steps in the induction of LTP is to depolarize the postsynaptic cell directly rather than synaptically. We therefore ini- 
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dated LTP by pairing postsynaptic depolarization with low-frequency presynaptic stimulation. When LTP was induced in this manner, there was no difference in the amount of LTP observed in slices from fynand wild-type mice (Fig. 5A) .
These experiments indicate that the blunting of LTP in fyn-mice can be overcome by strong inducing stimuli and that, therefore, under these conditions, Fyn is not essential for LTP. Thus, Fyn may have a modulatory role, influencing the threshold for induction of LTP. In fact, LTP induced by pairing the synaptic input with strong postsynaptic depolarization is fully blocked by the tyrosine kinase inhibitor genistein (25) , suggesting that other tyrosine kinases may contribute to LTP.
The lack of Fyn may lead to a blunting of LTP at weak and moderate intensities of presynaptic stimulation in one of three ways: (i) by altering the functioning of the NMDA receptor; (ii) by impairing the synaptic depolarization that leads to the activation of the NMDA receptor; or (iii) by leading to a less effective recruitment of the steps subsequent to the activation of the NMDA receptor. To assess the contribution of the NMDA receptor to the excitatory postsynaptic current (EPSC), we used whole-cell patch-clamp techniques, optimal conditions for revealing the NMDA receptor component (20) , and submaximal stimulus intensities. The NMDA receptor component of the excitatory synaptic current in the fyn-mice appeared normal and was indistinguishable from that in wild-type cells (Fig. 5B) .
We next examined the possibility that the input pathway did not produce a depolarization sufficient to activate the NMDA receptor optimally. We estimated the magnitude of the synaptic depolarization produced by the tetanic stimulation used to initiate LTP. We measured the area under the field EPSP produced by the tetanus and found no significant difference (t(5) = 0.94, not significant) between the depolarization produced by tetanic stimulation (100 Hz, 1-s duration) in slices from fyn-and that from wild-type mice (1886 _+ 663.5 mV x ms, n = 4 slices from 4 wild-type mice; 1457 ± 480.2 mV x ms, n = 9 slices from 3 fyn-mice). We also tested the effectiveness of the input pathway in an independent way by examining its capability to produce PTP. This enhancement of transmitter release normally follows the tetanus to the presynaptic fibers and is of even greater amplitude than that caused by LTP. To produce PTP, we stimulated the Schaffer collateral and commissural fibers with the same high-frequency train of synaptic stimulation used to induce LTP but prevented LTP with the NMDA receptor antagonist APV (50 ~M) . Under these conditions PTP was normal in fyn-mice (Fig.  5C ). These experiments suggest that the NMDA receptor in ~n -mice functions normally and that the synaptic depolarization of the postsynaptic cells produced by the input seems adequate to activate the NMDA receptor. We find the results most consistent with a modulatory defect in the sequence of steps subsequent to the activation of the NMDA receptor. However, we cannot rule out a developmental abnormalitty in the spatial arrangement of the synaptic input onto the dendrites of the CA1 cells, which might result in a failure to adequately depolarize the dendritic spines and therefore produce suboptimal activation of the NMDA receptors specifically located in the spines of the apical dendrites (26).
Impairment of spatial learning in lyemice. To obtain a behavioral measure of the defect in fyn-mice, we examined spatial learning, a form of learning that, in rodents, is dependent on an intact hippocampus (3). Blockade of LTP in the hippocampus, with NMDA receptor antagonists, interferes with spatial learning (27) . Because these blockers may perturb other aspects of synaptic transmission dependent on NMDA receptor functioning unrelated to LTP, we have reexamined this link between spatial learning and LTP genetically, by determining whether the blunting of hippocampal LTP is reflected in an impairment in spatial learning. We first assessed spatial learning in the Morris water maze (27) , a procedure in which mice placed in a circular pool filled with opaque water escape by swimming and landing on a hidden platform. To learn the location of the hidden platform, the mice must rely on spatial cues provided by several distal visual landmarks surrounding the pool. During a 7-day training period, wild-type mice showed a gradual reduction in the time taken to find the hidden platform (F(6,54) = 6.31, P < 0.01) (28) . This reduction did not occur with fyn-mice (F(6,48) = 0.16, not significant); their behavior was significantly different from that of wild-type mice (F(6,102) = 3.45, P < 0.01) (Fig. 6B) .
To separate learning from other behavioral changes that contribute to more rapid escape to the hidden platform, we used two transfer tests in which the platform was removed from the pool and the trained mice were allowed to swim freely for 60 s. Mice that have learned the spatial localization of the platform normally spend more time in the quadrant that earlier had contained the missing platform and swim more frequently over the site of the missing platform. In the first transfer test (performed immediately after 7 days of training), the wild-type mice searched primarily in the trained quadrant (Fig. 6, C and D) . By contrast, the fyn-mice spent no more time SCIENCE " VOL. 258 " 18 DECEMBER 1992 18 DECEMBER 1905 W in the quadrant that had contained the or fiber tracts. In the cerebral cortex, for bet may result from overproliferation, al-| platform than would be expected by chance example, there is a cellular representation tered cell fates, or failure of cell death, l (13.1 ± 3.4 s, not significant). When the transfer test was repeated 5 days later (day 12), the wild-type mice showed a slight improvement in performance, perhaps as a result of the reinstatement training after the previous transfer test, and performed significantly better than would be expected by chance (24.1 ± 3.6 s, P < 0.05) (Fig. 6D) . The fyn-mice again failed to show learning (14.3 ± 3.6 s, not significant). The wildtype mice crossed the area where the platform had been more frequently than did the fyn-mice, suggesting that the fyn-mice failed to learn the spatial location of the escape platform (crossings per trial: wild type = 2.4 +-0.8, fyn-= 1.4 ± 0.9).
The apparent loss of spatial learning in the fyn-mice might result from impaired vision or swimming ability or lack of motivation. To examine these parameters, we conducted a control experiment in which the mice learned, during an 8-day training period, to swim to the pllftform now made visible by placing a flag on top. In this case, distal visual cues are absent so that the learning task does not require a spatial map; rather, the mice need only to learn an association with a single cue. In this visual learning task, both fyn-(F(7,56) = 10.62, P < 0.01) and wild-type mice (F(7,63) = 2.36, P < 0.05) improved during the 8 days of training. Although the wild-type mice initially performed with a lower escape latency (wild type: 17.6 ± 4.2 s; fyn-: 37.1 ± 4.7 s, P < 0.01), the fyn-mice improved sufficiently by day 6 so that they performed as well as wild-type mice (wild type: 11.4 ± 3.5 s;fyn-: 16.1 ± 4.6 s, not significant). This result demonstrates that fyn-mice can learn some tasks and suggests that the deficit in spatial learning in fyn-mice is specific and unlikely to result from an inability to perform in the water maze (29) .
Role of Fyn in the development of the hippocampal neural circuitry. The finding that there is normal synaptic transmission, paired-pulse facilitation, and PTP but a blunted form of LTP in the fynmice is consistent with the idea that the Fyn may modulate the induction of LTP and contribute to spatial learning. However, the link between Fyn, LTP, and learning may arise through an alternative mechanism. The fyn mutation could result in a developmental abnormality in the circuitry of the hippocampus leading to a blunting of LTP and of learning in the adult animal. To explore this possibility, we surveyed the brain histologically, focusing in particular on the neocortex, hippocampus, and cerebellum. In these three regions, we found no gross abnormality in the overall arrangements of cells for each whisker in the form of barrel fields (30) . These barrel fields were normal in appearance in fyn-mice (Fig. 7A) .
Although the gross architecture of the hippocampus in fyn-mice was normal, we found a clear defect in the arrangement of the granule cells of the dentate gyrus and in that of their target cells, the pyramidal cells of the CA3 region (Fig. 7B) . These defects were specific to fyn-mice and were not present in src-, yes-, or abl-mice but were present in both fynl and fyn2 mice and in both inbred and hybrid strains. This abnormality is evident as an undulation in the granule cell layer in the dentate gyrus and in the pyramidal cell layer in region CA3 (Fig. 7B ). In the CA3 region, the undulation of the cell layer was more prominent in caudal (ventral) than in rostral (dorsal) regions of the hippocampus. Counting of pyramidal cells in the caudal CA3 region and dendate gyrus granule cells in the rostral region offyn-mice indicates that these undulations reflect an increase of 25 percent in cell number compared,to wild-type mice (CA3: fyn-, 260 ± 14; wild type, 206 ± 8; P < 0.02. Dendate gyms: fyn-, 379 ± 21; wild type, 275 ± 16; P < 0.01; mean _+ SEM) (31) . This increase in neuron numTo examine the mossy fiber pathway that connects the granule cells to the CA3 region, we used the Timm stain, which selectively stains this pathway. Despite the fact that both the granule cell layer and the layer of CA3 pyramidal cells display undulations, the mossy fiber pathway appears normal in its overall projections (Fig. 7C) . In the CA1 region of the hippocampus, there is a characteristic cholinergic fiber pathway. The pattern of this innervation also was normal in fyn-mice (Fig. 7D) .
The primary targets of the CA3 neurons are the apical dendrites of CA1 pyramidal neurons (32) , and the LTP we have studied is produced at the synapses that the CA3 cells make with the CA1 neurons. We therefore examined the morphological integrity of the apical dendrites of the CA1 pyramidal neurons. Immunohistochemical detection of a dendritic-specific protein, the microtubule-associated protein 1 (MAP1), revealed that the apical dendrites are present and extend across the full width of the stratum radiatum but appear less tightly organized than in wild type (Fig.  7E) . It is not clear whether this change is primary or secondary to a change in the packing density of the CA1 pyramidal cells, Mice were trained for seven consecutive days to swim from random locations to a hidden platform in a fixed location (stippled circle in shaded northwest quadrant). The time required for the mouse to escape (escape latency) was recorded on each day (B). Transfer test (C and D). After 7 days of training, the platform was removed and the mice were allowed to swim for 60 s. Individual examples (C) show records of a wild-type mouse searching in the quadrant that had contained the platform (shaded) and a fynmouse swimming randomly (D). Visible platform training (E and F) (46). Path of a mouse trained to reach the randomly located flagged platform (E). The escape latency was recorded for eight consecutive days of training (F). Mean and SEM are shown for nine fyn-mice and ten wild-type mice all which do not appear to form as tight a layer in the fyn mutants as in the wild type.
Because the pyramidal cells of the CA3 region that give rise to the presynaptic afferents to CA1 show a disorganized arrangement, a developmental abnormality in the spatial organization of synaptic inputs onto the apical dendrites of the CAI cells could contribute to the blunting of LTP and spatial learning. Nevertheless, this afferent pathway seems intact physiologically. It is capable of normal synaptic transmission, short-term synaptic plasticity, and, under some conditions, LTP. Thus, the defect in LTP may arise from an independent abnormality in the mature functioning synapse, but we cannot fully distinguish between these two possibilities.
A role for ~yn in development and plasticity. If Fyn is important for LTP, it should be present in the mature synapse (8) . In subcellular fractionation studies (Fig. 8) , we found that Fyn was p~esent in synaptosomes and was enriched in the synaptic plasma membranes and in the postsynaptic density, where Ca2+/calmodulin-dependent protein kinase II (CamKll) also is enriched. A similar pattern of expression was found for Src (33) and Yes. Thus, our data are consistent with the idea that although Fyn is important in the development of the hippocampus it may also have a role in the mature synapse related to were loaded (52) .
the induction of LTP.
Of the mice lacking one of four nonreceptor tyrosine kinases, only those lacking fyn had abnormalities in LTP and hippocampal development. The specific requirement for Fyn may result from structural and regulatory features that distinguish it from other members of the Src family. Kinases of the Src family have three major domains defined by function and sequence similarity--a distinguishing NH2-tenminal domain is followed by the highly conserved noncatalytic Src homology domains (SH2 and SH3) and by the COOH-terminal catalytic domain (SH1) (I l). Although this NH 2-terminal domain differs among members, its evolutionary conservation here suggests that this region may have a specific function (34) , such as the association with a membrane receptor or regulation of kinase function (35) . Many members of the Src family are often associated with or activated by a single receptor (36) , suggesting that several Src family kinases may participate in a common signaling pathway. In LTP, the distinct regulatory properties of the individual kinases might give rise to distinctive activation thresholds.
As would be expected, in view of the possibility of different thresholds of activation, we found that LTP in the fyn-mice is essentially absent at low stimulus strengths during a tetanus, is induced as a blunted form with stronger tetanic stimulation, and appears normal when induced by pairing strong postsynaptic depolarization with evoked EPSP's. This pairing-induced LTP is blocked by genistein in both wild-type and fyn-mice, indicating that tyrosine kinases other than fyn participate in LTP (25) . This raises the possibility that under conditions of higher intensity stimulation, other related tyrosine kinases may overcome the Fyn deficiency. This idea could be tested with double mutant mice containing deficiencies in Fyn and Yes or Src.
Tyrosine kinases in the postsynaptic cell appear to contribute to the induction rather than the maintenance phase of LTP (8) . This idea is consistent with the evidence that Fyn is enriched in postsynaptic densities. One clue as to how Fyn might function postsynaptically comes from studies of the T cell receptor with which Fyn associates (13) . In fyn-mice there is an impairment in the ability of T cells to increase the concentration of intracellular free Ca 2+ in response to receptor activation (16, 17) .
Ca 2+ influx into the postsynaptic cell, via the NMDA receptor, is necessary for the induction of LTP (6), but additional sources of Ca 2+ may also be required. The finding that blockade of voltage-dependent Ca 2+ channels does not influence LTP in fyn-mice suggests that if there is a defect in Ca 2+ handling, it might be in the release of Ca 2+ from intracellular stores (38) .
The finding that Fyn appears to function in neuronal development suggests three possibilities. First, the developmental defect might be primary and account for the blunting of LTP. Second, the defects in development and in LTP might be independent reflections of a common requirement for Fyn. Third, Fyn might participate in a common activity-dependent synaptic mechanism that is required both for neuronal development and for the synaptic plasticity of learning. Because the final number of pyramidal cells in the CA3 region but not in the CA1 region appears to be determined by cell death (39) , Fyn might participate in regulating cell death in the hippocampus. In T cell development, programmed cell death requires an increase in the concentration of free intracellular Ca 2+ that occurs after activation of the T cell receptor (37) . In fynthymocytes in which Ca 2+ fluxes are attenuated, the ability to undergo cell death in response to certain types of antigens also appears to be impaired (16) . Perhaps Fyn may determine cell number in the CA3 region and dentate gyrus of the hippocampus by an analogous mechanism.
Mutations in the fyn gene result in an impairment of both LTP and spatial learning. This is consistent with the idea that LTP is causally important for storing memory for spatial events. A similar conclusion based on genetic experiments was drawn from the analysis of mice lacking expression of oL-CamKII (40) . Although spatial learning in the water maze is affected by hippocampal lesions and by pharmacological manipulations that block LTP, it is important to emphasize that our experiments do not exclude the possibility that the impaired learning may result from a lack of gene expression outside the hippocampus. Indeed, both Fyn and CamKII (41) are expressed in the neocortex, the cerebellum, and other regions of the brain. Moreover, spatial learning can be disrupted by lesions outside the hippocampus, in particular by lesions of the ~ntorhinal area and of the frontal cortex (42) . in fact, both the fynand CamKlI-mice show an initial impairment in the single-cue association task, a task that requires nonhippocampal regions (43) . This finding suggests either that the hippocampus can be involved in simple associative learning or that these kinases may be important for learning processes that require regions other than the hippocampus.
The correlation we describe above between the learning deficit in the animal and a deficiency in LTP examined at a single synaptic site in the hippocampus is clearly only a first step in an analysis that will require examination of other relay points both within and outside the hippocampus. To strengthen the links between Fyn, hippocampal LTP, and spatial learning, it will also be necessary to specifically manipulate the expression of mutant forms of Fyn, restricted only to the hippocampus.
In addition to their role in the study of behavior and learning, targeted disruption of genes provides a powerful tool for examining the role of specific proteins in the function of the brain. Thus, our data provide initial insights into the function of nonreceptor tyrosine kinases in synaptic plasticity and in hippocampal development. A combination of genetic studies with biochemical analyses should be useful for the delineation of the specific functions of Fyn and perhaps other Src family members in the biochemical pathways required for the induction of LTP. A s e l e c t e d m u t a n t with five substitution m u t a t i o n s s c a t t e r e d t h r o u g h o u t the p r i m a r y sequence s h o w e d g r e a t e r catalytic activity t h a n the original r i b o z y m e u n d e r the selection conditions. T h e sunYribozyme and its small s e l e c t e d v a r i a n t can both c a t a l y z e t e m p l a t edirected o l i g o n u c l e o t i d e a s s e m b l y . T h e small size a n d r e d u c e d s e c o n d a r y s t r u c t u r e of the s e l e c t e d v a r i a n t results in an enhancement, relative to that o f the original r i b o z y m e , of its rate o f self-copying. T h i s e n g i n e e r e d r i b o z y m e is a b l e to function effectively both as a catalyst and as a t e m p l a t e in s e l f -c o p y i n g reactions.
The idea of an RNA polymerase composed of RNA is central to current theories of the origin of life, since such a molecule could replicate autocatalytically. Such a self-replicating RNA molecule is commonly referred to as an RNA replicase. Because of the similarity between the chemistry catalyzed by group l introns (phosphodiester exchange reactions) and modern-day polymerases (phosphoanhydride-phosphodiestet exchange reactions), we are attempting to use this class of ribozymes as a starting point from which to engineer an RNA replicase.
The authors are in the Department of Molecular Biology, Massachusetts General Hospital, Boston, Massachusetts 02114.
Previous studies (1, 2) have demonstrated that the Tetrahymena and sunY ribozymes can catalyze the ligation of oligonucleotides on exogenous templates. However, an RNA replicase would have to function efficiently as both a catalyst and a template. Conflicting requirements constrain the evolution (or design) of an RNA molecule that must play two such different roles. Maximal enzyme activity would presumably be enhanced by a strong secondary and tertiary structure, so that the three-dimensional structure required for substrate binding and catalysis will form. In contrast, elongation of the growing chain would presumably be enhanced on an unstructured (unfolded) template, so that template structure would not interfere with substrate binding. It appears that an RNA replicase must exist in a delicate balance between the folded state necessary for catalysis, and the unfolded state necessary for template activity. Furthermore, the transition between the folded and unfolded states should not be highly cooperative, so that both states can coexist over a broad range of conditions.
It was necessary to determine whether the enzymatic and template activities were mutually exclusive. Ribozymes such as the Tetrahymena and sunY introns are efficient catalysts, but their degree of structure would be likely to impede the synthesis of a complementary RNA. In contrast, small ribozyme derivatives with minimal overall structure, such as deletion derivatives generated from sunY (3) , while seemingly better suited to function as templates, have thus far appeared to be poor catalysts. We have therefore applied the technique of iterative in vitro selection to the task of isolating a small but highly active ribozyme variant that can function efficiently as a template.
In vitro selection of catalytically active variants. The sunY intron from bacteriophage T4 is 245 nucleotides (nt) in length (without the open reading frame) and is one of the smallest known self-splicing introns (4) . Previous efforts to further decrease the size of this intron included the removal of phylogenetically nonconserved domains, because these were unlikely to be essential to ribozyme function. While stem loops P9. I and P9.2 (5) of sunY could be eliminated from the ribozyme with only minor losses in activity (the resulting 180-nt molecule was subsequently referred to as the "original" ribowme, Fig. IA) (3, 6 ),
